Based on a W-band high-power source, two schemes are proposed to realize a 335 GHz frequency multiplier source. The first scheme involves producing a 335 GHz signal with a two-stage doubler. The first doubler adopts two-way power-combined technology and the second stage is a 335 GHz doubler using a balanced circuit to suppress the odd harmonics. The measured output power was about 17.9 and 1.5 dBm at 167.5 and 335 GHz, respectively. The other scheme involves producing a 335 GHz signal with a single-stage quadrupler built on 50 µm thick quartz circuit adopting an unbalanced structure. The advantage of the unbalanced structure is that it can provide bias to the diodes without an on-chip capacitor, which is hard to realize with discrete devices. The measured output power was about 5.8 dBm at 337 GHz when driven with 22.9 dBm. Such 335 GHz frequency multiplier sources are widely used in terahertz imaging, radiometers, and so on.
Introduction
In recent decades, terahertz technology has been used for a variety of applications such as radio astronomy, remote sensing of the Earth's atmosphere, radar imaging, etc. [1] [2] [3] [4] [5] . Furthermore, advances in terahertz sources and detectors have facilitated the development of these terahertz applications. As for terahertz sources, the methods mainly include the extension of microwave electronics towards high frequencies on one side and the development of photonic devices from the optical region towards low frequencies. In general, the frequency multiplier chain is the typical electronic method that can work at room temperature.
Some leading overseas research institutes such as the Jet Propulsion Laboratory (JPL) have been able to realize solid-state frequency multiplier sources above 1 THz, which can produce tens of microwatts of power [6, 7] . Furthermore, several competing technologies have been proposed in the semiconductor frequency multiplier field. In comparison, domestic research on frequency multipliers has mainly focused on the hybrid integrated circuits with discrete Schottky diodes, with an operating frequency around 200 GHz [8] [9] [10] .
Based on a W-band high-power source, detailed in our former research, two schemes are proposed to design a 335 GHz multiplier. The first solution consists of a W-band source, two cascaded 167.5 GHz doublers, and a 335 GHz doubler. Another solution is to replace the two-stage doubler with a single-stage quadrupler. The details of the modules mentioned above are discussed further in this paper.
A frequency multiplier of order N converts the input sinusoidal signal of frequency F1 and power P1 to an output sinusoidal signal of frequency FN = N × F1 and power PN. Hence, the conversion efficiency of the frequency multiplier is defined as the ratio of PN to P1. For a chain (×N1×N2) of two cascaded multipliers of respective order N1 and N2, the conversion efficiency of the chain is η (N1, N2). A high-order frequency multiplier of order N3 = N1 × N2 usually has a conversion efficiency η (N3) < η (N1, N2) and η (N1, N2) = η (N1) × η (N2). Therefore, in theory, the efficiency of scheme (a) in Figure 1 is higher than that of scheme (b).
Furthermore, the relation of η (N1, N2) = η(N1) × η(N2) is valid only when there is no reflected power by the second multiplier. Besides, the mismatch of the interface between the cascaded multipliers caused by dimension error and assembly error could lead to a loss of power. Consequently, the efficiency of the chain × N1×N2 is not necessarily more than that of the chain × N3 in practical application. 
Basic Principle of Schottky Diode
The Schottky barrier diode is a two-port device that is important to terahertz frequency multipliers. The diode can be divided into two modes based on operating principle: varistor and varactor. In general, the structure of a Schottky varactor is qualitatively the same as that of a varistor diode. However, the epitaxial layer of the varactor is thicker than that of the varistor, which could increase the breakdown voltage to maximize capacitance variation [14] . Figure 2 shows the crosssectional view of the Schottky diode. The varistor makes use of a nonlinear resistance characteristic for the mixer, and the varactor is used for frequency multipliers by using a nonlinear capacitance characteristic. The upper part of Figure 2 shows the nonlinear curves of the varistor and varactor.
The diode consists of intrinsic and parasitic parameters. When the frequency increases to the terahertz range, the parasitic parameters of the diode cell caused by its physical structure play an important role in affecting the performance of the frequency multiplier. Hence, the electromagnetic field around the diodes is calculated with full-wave simulation software. As for intrinsic parameters, A frequency multiplier of order N converts the input sinusoidal signal of frequency F 1 and power P 1 to an output sinusoidal signal of frequency F N = N × F 1 and power P N . Hence, the conversion efficiency of the frequency multiplier is defined as the ratio of P N to P 1 . For a chain (×N 1 ×N 2 ) of two cascaded multipliers of respective order N 1 and N 2 , the conversion efficiency of the chain is η (N 1 , N 2 ). A high-order frequency multiplier of order N 3 = N 1 × N 2 usually has a conversion efficiency η (N 3 ) < η (N 1 , N 2 ) and η (N 1 , N 2 ) = η (N 1 ) × η (N 2 ). Therefore, in theory, the efficiency of scheme (a) in Figure 1 is higher than that of scheme (b).
Furthermore, the relation of η (N 1 , N 2 ) = η(N 1 ) × η(N 2 ) is valid only when there is no reflected power by the second multiplier. Besides, the mismatch of the interface between the cascaded multipliers caused by dimension error and assembly error could lead to a loss of power. Consequently, the efficiency of the chain × N 1 ×N 2 is not necessarily more than that of the chain × N 3 in practical application.
The Schottky barrier diode is a two-port device that is important to terahertz frequency multipliers. The diode can be divided into two modes based on operating principle: varistor and varactor. In general, the structure of a Schottky varactor is qualitatively the same as that of a varistor diode. However, the epitaxial layer of the varactor is thicker than that of the varistor, which could increase the breakdown voltage to maximize capacitance variation [14] . Figure 2 shows the cross-sectional view of the Schottky diode. The varistor makes use of a nonlinear resistance characteristic for the mixer, and the varactor is used for frequency multipliers by using a nonlinear capacitance characteristic. The upper part of Figure 2 shows the nonlinear curves of the varistor and varactor. these primarily include series resistance, zero bias junction capacitance, barrier voltage, and ideal factor. These parameters can be obtained from the IV or CV curve. 
Design of 335 GHz Source Based on Two-Stage Doubler
The three-dimensional model of a 335 GHz source with cascaded balanced frequency doublers is presented in Figure 3 . As shown in the graph, the frequency multiplier is a split-block waveguide design, and a suspended microstrip circuit based on a 50 µm thick quartz substrate is mounted in the channel between the input and output waveguide. The varactor chips are mounted on the suspended microstrip circuit with silver epoxy. 
W-Band High-Power Source
The W-band power source driven by the 167 GHz doubler, which mainly includes a sextupler, a power amplifier, and a four-way power-combining module. The composition block diagram is shown in Figure 4 . The sextupler employs a commercially available GaAs MMIC chip HMC1110 fabricated by Analog Devices Company (Norwood, MA, USA), and the power amplifier uses an MMIC chip MAAP-011106 fabricated by M/A-COM Technology Solutions Inc (Lowell, MA, USA). Finally, the measured results indicate that the output power is more than 25 dBm at 81-86 GHz, and that the output power is about 27.5 dBm at 83 GHz when driven by 3 dBm of input power. The diode consists of intrinsic and parasitic parameters. When the frequency increases to the terahertz range, the parasitic parameters of the diode cell caused by its physical structure play an important role in affecting the performance of the frequency multiplier. Hence, the electromagnetic field around the diodes is calculated with full-wave simulation software. As for intrinsic parameters, these primarily include series resistance, zero bias junction capacitance, barrier voltage, and ideal factor. These parameters can be obtained from the IV (Intensity and voltage) or CV (Capacitance and voltage) curve.
Design of 335 GHz Source Based on Two-Stage Doubler
The three-dimensional model of a 335 GHz source with cascaded balanced frequency doublers is presented in Figure 3 . As shown in the graph, the frequency multiplier is a split-block waveguide design, and a suspended microstrip circuit based on a 50 µm thick quartz substrate is mounted in the channel between the input and output waveguide. The varactor chips are mounted on the suspended microstrip circuit with silver epoxy. these primarily include series resistance, zero bias junction capacitance, barrier voltage, and ideal factor. These parameters can be obtained from the IV or CV curve. 
W-Band High-Power Source
The W-band power source driven by the 167 GHz doubler, which mainly includes a sextupler, a power amplifier, and a four-way power-combining module. The composition block diagram is shown in Figure 4 . The sextupler employs a commercially available GaAs MMIC chip HMC1110 fabricated by Analog Devices Company (Norwood, MA, USA), and the power amplifier uses an MMIC chip MAAP-011106 fabricated by M/A-COM Technology Solutions Inc (Lowell, MA, USA). Finally, the measured results indicate that the output power is more than 25 dBm at 81-86 GHz, and that the output power is about 27.5 dBm at 83 GHz when driven by 3 dBm of input power. 
Two-Way Power-Combined 167 GHz Frequency Multiplying Source
Considering the technical requirements and cost, the 167 GHz high-power frequency multiplying source adopts a two-way power-combined scheme. As depicted in Figure 5 , the power source includes a power divider/combiner and two identical doublers.
The power divider used in the 167 GHz high-power frequency multiplying source is a Y-type waveguide divider and the phase difference between the two output signals is zero. Furthermore, the second harmonic produced by the doublers has the same phase, and can be combined by using a Y-type waveguide combiner at the output ports. Figure 5 shows the phase relationship of each part in the two branches using the red arrow. Actually, the Y-type power combiner can be regarded as a combination of two-phase shifters and an E-T-type combiner, and the function of the phase shifter is to change the phase of the two-way signal from the same direction to the reverse direction for the Ttype combiner.
Generally, the frequency doubler is designed to convert a pump microwave signal to its second harmonic based on the nonlinear voltage-dependence of the diode junction capacitance of the Schottky varactor. To suppress the odd harmonics, the diode array adopted has an anti-series type configuration. The incident signal with the dominant mode of the input rectangular waveguide (TE10) feeds the anti-series diode array. In contrast, the second harmonic would propagate along the suspended microstrip line in an unbalanced mode (TEM). In the 167 GHz doubler design, a 5VA40-13 diode chip provided by Advanced Compound Semiconductor Technologies (Hanau, Germany) was selected, which comprises a linear array of three Schottky junctions. The dimension of the chip is 240 × 60 µm (length and width, respectively) and the semi-insulating GaAs substrate is 35 µm thick.
The equivalent circuit of the balanced doubler is described at the top right of Figure 5 . Based on the IV characteristic of the Schottky diode, the output current i can be expressed as [15] :
where is represents the reverse saturation current and Vin represents the junction voltage across the Schottky contact. By using Fourier expansion, Formula (1) is decomposed as follows:
where In (αVin) is the Bessel function of the first kind. Similar to the computational method of the output current, the current in the loop can be expressed as:
From the calculated results, it can be seen that the odd harmonics are suppressed in the output 
Considering the technical requirements and cost, the 167 GHz high-power frequency multiplying source adopts a two-way power-combined scheme. As depicted in Figure 5 , the power source includes a power divider/combiner and two identical doublers. 
335. GHz Doubler Based on Discrete Schottky Varactor
Considering the rise of working frequency, the varactor used in the 335 GHz doubler requires a smaller zero bias junction capacitance, and therefore obtains higher cut-off frequency. At the same time, the dimension of the diode chip must be reduced to match the width of the waveguide channel. Finally, the diode chip 137C from Virginia Diodes Inc (Charlottesville, VA, USA). with four anodes in anti-series configuration was applied in the design. To improve the performance of RF ground, the flip-chip mounted method was adopted. The diode chip was glued on the ground points, which are two gold belts on either side of the quartz substrate.
The design process of the 335 GHz balanced doubler is shown in Figure 6 . First of all, the impedances of the diode at fundamental and second harmonic are optimized by using source and load-pull under ideal conditions. The diode optimum impedance was found to be Zsource = 33 − j37 Ω and Zload = 16 − j23 Ω. To improve the accuracy of simulation, the field-circuit method is applied in The power divider used in the 167 GHz high-power frequency multiplying source is a Y-type waveguide divider and the phase difference between the two output signals is zero. Furthermore, the second harmonic produced by the doublers has the same phase, and can be combined by using a Y-type waveguide combiner at the output ports. Figure 5 shows the phase relationship of each part in the two branches using the red arrow. Actually, the Y-type power combiner can be regarded as a combination of two-phase shifters and an E-T-type combiner, and the function of the phase shifter is to change the phase of the two-way signal from the same direction to the reverse direction for the T-type combiner.
where i s represents the reverse saturation current and V in represents the junction voltage across the Schottky contact. By using Fourier expansion, Formula (1) is decomposed as follows:
where I n (αV in ) is the Bessel function of the first kind. Similar to the computational method of the output current, the current in the loop can be expressed as:
From the calculated results, it can be seen that the odd harmonics are suppressed in the output circuit, and thus the second harmonic can be obtained at the output waveguide by using the matching circuit.
335 GHz Doubler Based on Discrete Schottky Varactor
The design process of the 335 GHz balanced doubler is shown in Figure 6 . First of all, the impedances of the diode at fundamental and second harmonic are optimized by using source and load-pull under ideal conditions. The diode optimum impedance was found to be Z source = 33 − j37 Ω and Z load = 16 − j23 Ω. To improve the accuracy of simulation, the field-circuit method is applied in the design process [16, 17] . Hence, the doubler is divided into two parts: a linear network, which is analyzed using the finite element method in consideration of the parasitic effects, and the nonlinear behavior of the varactor solved by the harmonic balance method. To reduce the complexity of the problem, the linear part is broken up into three sections: input transition at fundamental and second frequency, output transition, and matching circuit. The signal is coupled through a waveguide-microstrip structure, and the locations of Schottky diodes junction are inserted based on the port impedances (at fundamental frequency) acquired from step 1. Generally, the length of the reduced-height waveguide and location of the input back-short are optimized to achieve a small return loss in the input port. The second harmonic passes through the region between the diodes and input back-short and then is coupled into the output line by matching circuit. Another probe located in the output circuit couples the second harmonic to the standard output waveguide. The abovementioned design process refers to steps 2-5.
In the next step, the generated SNP files are imported to the Advanced Design System (ADS) circuit and the characteristic of the diode is added in the nonlinear circuit. Furthermore, the optimization procedure is achieved based on harmonic balance analysis. Finally, the three-dimensional model of the doubler is built according to the optimized results and the calculated S parameter of the complete circuit is exported to the ADS. Now, the doubler model is regarded as a 7-port network. The simulated result of a doubler working at 335 GHz is described at the right side of Figure 6 . It clear that the odd harmonics are suppressed in simulation, and that the results coincide with those obtained by Equations (1)-(3). 
Design of 335 GHz Source Based on Single-Stage Quadrupler
If varactor currents are allowed only at the input and output frequencies, a Schottky diode with ideal CV characteristics cannot generate harmonics higher than the second harmonic. To generate higher harmonics, it is necessary to allow idler currents to flow in the varactor, which could be produced by frequency doubling or frequency mixing.
For a quadrupler, one way to obtain higher harmonics is by doubling and then producing a fourth harmonic by doubling again. Another way is by mixing the second harmonic idler with the fundamental to produce the third harmonic idler first, and by continuing to mix to produce the fourth harmonic output. Actually, the high-order multipliers are most efficient when idler circuits are provided at all idler frequencies. Therefore, the use of idlers could increase the output power and efficiency of reactive frequency multipliers. 
If varactor currents are allowed only at the input and output frequencies, a Schottky diode with ideal CV characteristics cannot generate harmonics higher than the second harmonic. To generate higher harmonics, it is necessary to allow idler currents to flow in the varactor, which could be produced by frequency doubling or frequency mixing. For a quadrupler, one way to obtain higher harmonics is by doubling and then producing a fourth harmonic by doubling again. Another way is by mixing the second harmonic idler with the fundamental to produce the third harmonic idler first, and by continuing to mix to produce the fourth harmonic output. Actually, the high-order multipliers are most efficient when idler circuits are provided at all idler frequencies. Therefore, the use of idlers could increase the output power and efficiency of reactive frequency multipliers.
The quadrupler has a suspended microstrip circuit based on a 50 µm thick quartz substrate mounted in the channel with silver epoxy. The input and output ports of the quadrupler are standard full-height WR-12 and WR-2.8 waveguides with waveguide dimensions of 3.1 × 1.65 mm 2 and 0.71 × 0.355 mm 2 , respectively. As described in Figure 7 , a compact suspended microstrip resonator (CSMR) low-pass filter follows an input conversion structure (the simulated return loss is below −20 dB from 75 to 90 GHz), and hence the fourth harmonic produced by varactors could prevent leaking from the input port. Compared with the step impedance filter, the CSMR filter has a compacted structure and wide stop band [18] . The simulated result of the CSMR filter in the band of 30-350 GHz are shown in Figure 7 . It can be seen from the graph that the insert loss is lower than 0.3 dB in the pass band, while the side rejection is better than 20 dB from 160 to 350 GHz. Finally, another probe located in the output circuit couples the fourth harmonic to the standard output waveguide, and the simulated return loss is better than 15 dB in the frequency range of 320-360 GHz. All passive networks, such as the low-pass filter, input and output waveguide-to-microstrip transition, and diode passive part, are analyzed by EM simulators. When the sub-circuits are optimized, the complete quadrupler circuit is simulated. The nine port S-parameters of this simulation are extracted and then combined with a nonlinear diode to model the multiply efficiency in the circuit simulator. This process is usually repeated for the further optimization of the quadrupler multiply efficiency. input port. Compared with the step impedance filter, the CSMR filter has a compacted structure and wide stop band [18] . The simulated result of the CSMR filter in the band of 30-350 GHz are shown in Figure 7 . It can be seen from the graph that the insert loss is lower than 0.3 dB in the pass band, while the side rejection is better than 20 dB from 160 to 350 GHz. Finally, another probe located in the output circuit couples the fourth harmonic to the standard output waveguide, and the simulated return loss is better than 15 dB in the frequency range of 320-360 GHz. All passive networks, such as the lowpass filter, input and output waveguide-to-microstrip transition, and diode passive part, are analyzed by EM simulators. When the sub-circuits are optimized, the complete quadrupler circuit is simulated. The nine port S-parameters of this simulation are extracted and then combined with a nonlinear diode to model the multiply efficiency in the circuit simulator. This process is usually repeated for the further optimization of the quadrupler multiply efficiency. 
Measurements and Discussion
The block diagram of the measurement setup is illustrated in Figure 8 . An Agilent analog signal generator E8257D (Santa Clara, CA, USA) is followed by the W-band power source to generate the signal in the 81-86 GHz band. The output power of the frequency multipliers is measured by a PM4 power meter (Charlottesville, VA, USA). Moreover, an SMA (type KFD55(Xi'an, China)) is connected to the main transmission circuit using gold wire bonding and an external sliding rheostat connected to the SMA port so as to bias the varactor. Figure 9a shows the measured results of the W-band source. The measured output power is more than 310 mW from 81 GHz to 86 GHz, and the maximum power is about 560 mW at 83 GHz. In the measurement of the quadrupler, the input power is about 200 mW to make sure the diodes work safely, and hence an attenuator is added. The measured output power of the 167 GHz power- 
The block diagram of the measurement setup is illustrated in Figure 8 . An Agilent analog signal generator E8257D (Santa Clara, CA, USA) is followed by the W-band power source to generate the signal in the 81-86 GHz band. The output power of the frequency multipliers is measured by a PM4 power meter (Charlottesville, VA, USA). Moreover, a Sub-Miniature-A (SMA) (type KFD55(Xi'an, China)) is connected to the main transmission circuit using gold wire bonding and an external sliding rheostat connected to the SMA port so as to bias the varactor.
mW. Hence the typical efficiency of the 167 GHz doubler is about 20%. The typical efficiency of the 335 GHz doubler is 2% with typical input and output power values of 55 and 1.1 mW, respectively. To summarize, the efficiency of the frequency multiplier chain is about 0.4%. In contrast, the typical input and output power values of a single-stage quadrupler are 190 mW and 2.8 mW, and said quadrupler has a higher efficiency of about 1.5%. However, it is difficult to say whether it is better to realize a high-order multiplier via a single-stage process or by a cascade of two or more low-order multipliers. The decision could be made in accordance with specific conditions. Figure 9a shows the measured results of the W-band source. The measured output power is more than 310 mW from 81 GHz to 86 GHz, and the maximum power is about 560 mW at 83 GHz. In the measurement of the quadrupler, the input power is about 200 mW to make sure the diodes work safely, and hence an attenuator is added. The measured output power of the 167 GHz power-combined doubler is shown in Figure 9b . It was found that the power is more than 45 mW at 164-172 GHz, and the highest output power is 62 mW at 167.5 GHz. multipliers presented in this paper reached the same level as that achieved by research institutions abroad, and has a leading position at home. Furthermore, the design using discrete diodes is easy to realize and the cost is relatively low.
To ensure that the 167 GHz doubler is working safely, the input power produced by the W-band source is controlled below 280 mW and the typical output power of the doubler is, accordingly, 55 mW. Hence the typical efficiency of the 167 GHz doubler is about 20%. The typical efficiency of the 335 GHz doubler is 2% with typical input and output power values of 55 and 1.1 mW, respectively. To summarize, the efficiency of the frequency multiplier chain is about 0.4%. In contrast, the typical input and output power values of a single-stage quadrupler are 190 mW and 2.8 mW, and said quadrupler has a higher efficiency of about 1.5%. However, it is difficult to say whether it is better to realize a high-order multiplier via a single-stage process or by a cascade of two or more low-order multipliers. The decision could be made in accordance with specific conditions. The measured results of the 335 GHz source based on two cascaded doublers are shown in Figure 9c . The measured output power of the 335 GHz doubler is more than 0.5 mW at 328-337 GHz and the maximum output power is about 1.4 mW at 333 GHz. The relation of the single-stage quadrupler 335 GHz source output versus pumping power is described in Figure 9d . The measured typical output power is 2.5 mW at 332-344 GHz, and the highest measured output power of 3.8 mW is measured at 337 GHz with an input power of 198 mW.
Tables 1 and 2 illustrate a comparison of some reported multipliers. A recent development of terahertz solid circuits in China caused a regression in advanced semiconductor technology such as Schottky diode technology, membrane technology, transferred substrate technology, and so on. The result is that an integrated circuit is difficult to realize and the design of the frequency multiplier needs to use a discrete circuit with a higher loss transmission line. The performance of the frequency multipliers presented in this paper reached the same level as that achieved by research institutions abroad, and has a leading position at home. Furthermore, the design using discrete diodes is easy to realize and the cost is relatively low. To ensure that the 167 GHz doubler is working safely, the input power produced by the W-band source is controlled below 280 mW and the typical output power of the doubler is, accordingly, 55 mW. Hence the typical efficiency of the 167 GHz doubler is about 20%. The typical efficiency of the 335 GHz doubler is 2% with typical input and output power values of 55 and 1.1 mW, respectively. To summarize, the efficiency of the frequency multiplier chain is about 0.4%. In contrast, the typical input and output power values of a single-stage quadrupler are 190 mW and 2.8 mW, and said quadrupler has a higher efficiency of about 1.5%. However, it is difficult to say whether it is better to realize a high-order multiplier via a single-stage process or by a cascade of two or more low-order multipliers. The decision could be made in accordance with specific conditions.
Conclusions
A solid-state frequency multiplier chain based on two schemes has been designed and tested in this paper. For the first option, the measured highest output power was about 1.4 mW at 333 GHz and more than 0.5 mW at 328-337 GHz. For the second option, the measured typical output power was 2.5 mW at 332-344 GHz, and the highest measured output power was 3.8 mW at 337 GHz. The research content provides the means to generate a terahertz signal above 300 GHz. Our future work will aim at
